Microstructure and quality of cabbage slices (Brassica oleracea L. var. capitata L.) as affected by cryogenic quick-freezing treatment ABSTRACT In this article, the influence of various cryogenic quick-freezing preservation methods on the quality and microstructure of cabbage (Brassica oleracea L. var. capitata L.) slices were investigated during a 28 d storage period. The results indicated that when compared to other methods, the microstructure of the cabbage slices that were frozen cabbage using dry ice displayed the least amount of modifications when stored. The content of chlorophyll, vitamin C (V C ), and titratable acidity (TA) in these samples presented minimal changes at the end of storage, which were 1.5147 mg/g, 26.2 mg/100 g, and 0.2623%, respectively. Moreover, the samples exposed to dry ice freezing exhibited the highest content of total sugar that reduced following 28 d of storage. In addition, this combined treatment prevented textural changes in the cabbage slices. For these samples, the values representing the hardness, chewiness, springiness, and cohesiveness were 47.01 N, 14.54 N mm, 1.5147 mm and 3.363, respectively. Furthermore, dry ice freezing treatment could mostly retard the microbiological degradation of the cabbage slices. Finally, the sensory quality of samples treated with dry ice freezing scored 6.4 at the conclusion of the storage period. The samples that were frozen at −60°C displayed enhanced preservation properties, while the sensory quality scored only 5.2. These results indicated that dry ice freezing treatment and storage at −18°C could maintain the microstructure and nutritional quality of cabbage slices.
Introduction
Cabbage (Brassica oleracea L. var. capitata L.) is an economically essential vegetable which is cultivated and consumed worldwide due to its excellent adaptability, affordability, and year-round availability. It is also vegetable that typically produces good-quality high yields in the Sichuan-Tibet Plateau of China. Cabbage is an integral part of food production due to its rapid growth rate and the fact that it is not limited to one season a year. This vegetable is the source of several beneficial vitamins (A, C, E, K), sulfur-containing compounds, and other phytochemicals such as glucosinolates. [1, 2] However, cabbage crops suffer severe post-harvest losses and exhibit high oxidase activity even at subzero temperatures. Therefore, its economic potential for significant profitability is usually limited. [3] More importantly, many factors, including a variety of biotic, abiotic and environmental factors, can induce the short shelf life and bad quality of cabbage during prolonged storage periods. [4, 5] The continued post-harvest activity of a variety of enzymes may be responsible for the modified flavor, color, texture, and nutritional quality in vegetables. [6] Moreover, these effects may also result from storage conditions and processing methods. During the storage of post-harvest vegetables, the enzymes in the tissue cells remain highly active and can destroy its sensory and nutritional quality. [7] Therefore, blanching eliminates enzyme activity and is vital before the vegetables can be frozen. [8] More importantly, an integrated or inbuilt antioxidant system scavenges free radicals and activates the defense system of the vegetables, extending its shelf life as a result. [9] [10] [11] [12] Before freezing, it is necessary to blanch green asparagus to deactivate the enzymes. This process allows for the retention of vegetable quality during frozen storage. [13] Therefore, blanching is essential before vegetables are frozen to promote their preservation. Blanching deactivates the enzymes responsible for changes in the flavor and smell of the vegetables, as well as the nutritional properties such as the loss of vitamins during the storage period. [14] Therefore, the application of blanching technology facilitates enhanced texture, color, and flavor of vegetables, while improving its nutritional value. [8] Furthermore, freezing is considered to be one of the most efficient food preservation methods. Frozen vegetables can be stored for several months since the rate of decay is significantly lower than at high temperatures due to the water being suspended as ice. However, the formation of ice crystals accompanies the freezing process of products that contain moisture and destroys its structure. This damage is the result of both mechanical and osmotic factors. Therefore, rapid freezing rates and frozen storage at a low and constant temperature are two crucial prerequisites for the quick-frozen technology to deliver high-quality products. [15] Consequently, the combined application of blanching and quick-freezing at a lower temperature is ideal for maintaining the storage quality of vegetables.
The activity of chemical, biochemical, and physical factors are responsible for specific storage conditions, in particular, concerning storage time and temperature. These conditions significantly impact the characteristics of vegetables during frozen storage. [16, 17] The challenge posed by ice crystals is not so much reliant on the solidification of water particles, but instead on the dissolution of food tissues due to large ice crystals. Consequently, ice needles resembling those present in deep-frozen cheeses can emerge from the surfaces of food. [18] In some cases, frozen foods can display similar or enhanced sensorial qualities. [19] Following pre-freezing processing, the chlorophyll, carotenoid, and phenol levels, as well as the antioxidant capability of broccoli florets, are comparatively higher than the glucosinolate accumulations. [20] However, the dry ice flash-freezing method has not yet been applied for the preservation of fruits and vegetables. Furthermore, no literature exists involving the effects of cryogenic quickfreezing preservation treatment on the microstructure and quality of cabbage slices. Therefore, this investigation aimed to study the impact of blanching and freezing at −20°C, −60°C, and dry ice freezing, as well as −18°C frozen storage on the quality and structural composition of cabbage slices. Moreover, this study provides a theoretical basis for the commercialized storage of cabbage.
Materials and methods

Main materials
The cabbage was purchased from the Lvyin Agriculture Development Co. Ltd. (Ngawa Tibetan and Qiang Autonomous Prefecture, China), and transported to a pre-cooling facility where it was stored overnight at 4°C for further use. [21] [22] [23] Fresh-kept bags were purchased in Chengdu, China from a local wholesale market. Solid carbon dioxide (dry ice) was acquired from the Messer Gas Product Co., Ltd. (Chengdu, China), and transferred to the laboratory for overnight storage at −18°C before processing.
Color-protecting treatment and blanching
The technique used to prepare the color-protecting solutions was developed and described by Gorny et al. [24] Cabbages were cut into strips (50 mm × 10 mm), and submerged in a solution for 2 min at 20°C. This solution was prepared by dissolving 2 g/100 g ascorbic acid, 1 g/100 g calcium lactate, and 0.5 g/100 g cysteine, and altered with NaOH to pH 7.0. According to the method reported by Petzold et al. [25] , the blanching treatments were conducted at 65°C for 1 min in a liquid containing 1 g/100 g citric acid and 1 g/100 g ascorbic acid. These samples were placed over a plastic sieve for 5 min, and then, at room temperature, air-dry naturally for 60 min until the surface of the sliced cabbage was dried.
Quick-freezing preparation
Following blanching, the cabbage slices were subjected to a cold-water cooling process for 3 min. After the samples were drained, as shown in Table 1 , they were placed on metal trays in a blast freezer (Heto Co., Denm ark) at an average air temperature of −20°C, −60°C, and frozen using dry ice. [26] The centre of each cabbage slice was exposed to a Micro Needle Type T Thermocouple Probe (Copper-Constantan) (Ellab A/S, Rodovre, Denmark). The quick-freezing test ended when the centre temperature of the test sample reached −18°C.
Immediately after the freezing process, about 500 g of cabbage slices were placed in polyethylene packaging bags and placed in a freezer for storage at −18°C (Heto Co., Denmark). During the storage period of 28 d, the sample indexes, including surface microstructure, texture, residual chlorophyll content, V C , TA, sugar, microbiological content, and sensory acceptability were measured at sevenday intervals. Moreover, the morphological observation of sample surfaces was conducted using by a Scanning Electron Microscope (SEM).
Freezing curve, freezing rate, and drip loss
The freezing curve of the cabbage was measured using a multichannel temperature recorder (Shenhuaxuan Technology CO. Ltd., China) according to the method reported by Liang et al. [27] with one Micro Needle Type T Thermocouple Probe in the centre of the cabbage. Measurements were taken every 30 s until the centre temperature of the cabbage reached 18°C. The freezing rate is defined as the difference between the initial and final centre temperature of the product divided by freezing time (°C/min). [28] The drip loss of the cabbage slices was evaluated using the method described by Kaale et al. [29] The quantitative method used to evaluate drip loss dictates removing the sample from the vacuum bag after being thawed in the freezer at 4°C for approximately 4 h and then weighing the remaining liquid in the bag. The definition of drip loss is the percentage of the weight after drip loss compared with the unthawed sample weight.
Morphological observation using SEM
Following various quick-freezing preparations, samples of about 10 mm 2 each were cut from the cabbage slices and dried for 12 h in a vacuum freeze-drying machine. The dried cabbage slices with a scan size of 40 mm×40 mm were observed using SEM at a voltage level of 5 kV acceleration after being adhered to the stub with double-sided tape and Pt sputtering. [30, 31] Chlorophyll, V C , and TA content
Besides minor alterations, the chlorophyll content was established using the method delineated by Albanese et al. [32] A shaker bath was employed to homogenize a 5 g sample in 10 mL of 80 mL/ 100 mL acetone solution for 20 min at 4°C. The specimen was then centrifuged at 13,500 × g (Biofuge Primo, Italy). This process was followed by the filtration of the supernatant which produced a 10 mL dilution with 80 mL/100 mL acetone. Subsequently, a DU 640B spectrophotometer was used to measure the absorbance (A) at 645 nm and 663 nm, respectively (Beckman, USA). Concentration levels of chlorophyll a and b were calculated as follows: 
The V C levels in the cabbage slices were determined using High-Performance Liquid Chromatography (HPLC)-Ultraviolet (UV), as described by Duthie et al. [33] Xing et al. [66] and Xing et al. [34] Ten grams of cabbage was homogenized with 25 mL of the solution, including 7.2 g/L of DL-1.4-dithiothreitol, and 45 g/L of metaphosphoric acid. Moreover, the mixture was centrifuged at 10,000 × g for 15 min at 4°C . A Millipore 0.45 membrane was used to filter the obtained supernatant, which was then introduced into the HPLC system. Each stationary phase sample consisted of 20 mL and was inserted into a reversephase C18 HPLC column, followed measurement at 245 nm. The mobile phase consisted of a solution containing a 0.01 g/100 g sulfuric acid concentration that was altered to a level of pH 2.6. The V C content was measured in conditions similar to the mobile phase at a flow rate of 1.0 mL/min. The TA of the cabbage slices was evaluated according to the technique suggested by Xing et al. [35] Briefly, 90 mL of water was used to dilute 10 g of cabbage, which was titrated with 0.1N NaOH to pH 8.1, and expressed as a percentage of citric acid.
Total sugar and reducing sugar content
A technique involving ferricyanide oxidation was employed to measure both the total sugar and reducing sugar content. [36] The intensity of the resultant ferrocyanide generated by this oxidation process was evaluated. Furthermore, Nelson's arsenomolybdate reagent was added and measured at 515 nm. A standard curve of glucose at 100°C for 10 min was used to calculate the sugar concentrations.
Instrumental texture determination
The texture analysis of the samples was performed during storage in refrigerated conditions. Following a thawing period of 1 h at 5°C, the samples were carefully examined. Specimens measuring 10 mm 3 each, were excised from the cabbage slices. A TA.XT Plus Texture Analyzer (Stable Microsystems Ltd., UK) with the following parameters was used [37] : load cell = 1 kg, pretests peed = 1.0 mm/s, test-speed = 5.0 mm/s, posttest speed = 5.0 mm/s, compression degree = 60%, time = 5.0 s, and trigger force = 0.05 N. Moreover, a standard cylindrical probe (P/0.5) was used for the texture profile analysis (TPA). Analysis of the typical TPA texture character curves rendered four textural criteria namely cohesiveness, springiness, chewiness, and hardness. Each sample was measured 20 times, and the results regarding the peak force of compression (N) were reported.
Microbiological content and sensory acceptability
The microbiological evaluation was conducted according to the technique suggested by Rojas-Graü et al. [38] and Xing et al. [39] A Stomacher was used to homogenize a 10 g sample cabbage slice and 90 mL sterile solution for 60 s. The 1 mL volume of the diluted sample solution was pour-plated on plate count agar (PCA) and incubated at 30°C for 24 h to obtain the total bacterial count. Furthermore, the solution was introduced onto CGA and incubated at 28°C for 3 d to obtain the yeast and mold counts.
The taste, visual appearance, and flavor of each sample were examined to determine its sensory acceptability. Cabbage slice samples were examined following a thawing period of 1 h at 5°C and randomly presented to a 14-member panel for sensory assessment. A nine-point hedonic scale was used to rate the samples (9excellent; 7very good; 5good; 3fair, and 1poor). A higher numerical value indicated an increase in acceptability, off-flavor, and visual appearance. [40] 
Statistical analysis
The data analysis in this research was conducted using SPSS13.0 software (SPSS, Inc., Chicago, IL). The mean values were calculated and reported as the mean ± S.D. (n = 3). One-way analysis of variance followed by the least significant difference (P ≤ 0.05) was performed on the data involving the texture, chlorophyll, V C , TA content, and sensory quality of the cabbage slices to determine the significant factors.
Results and discussion
Freezing curve, freezing rate, and drip loss
The freezing curve reflects the freezing characteristics of the different quick-freezing methods used on the cabbage. The freezing curves ( Figure 1 ) of the cabbage during three quick-freezing processes demonstrated significantly different profiles. The curve of dry ice quick-freezing was the steepest, followed by −60°C quick-freezing, and −20°C quick-freezing. The freezing temperature plateau occurred at −0.4°C and lasted for 8 min in −60°C quick-freezing, while no visible temperature plateau appeared in quick-freezing involving dry ice and −20°C. The corresponding freezing times were 6 min, 18 min, and 128 min for the dry ice, −60°C and −20°C, respectively. Therefore, the freezing rate is the most important factor influencing the quality of frozen food, [41, 42] while the drip loss directly quantifies the loss of salable weight and the deterioration of appearance and further facilitates surface microbial growth. [43] The freezing rate and drip loss measured during the sample trial are presented in Table 2 . The freezing rates and drip loss measured for the three quick-freezing processes were significantly different (P < .05). The freezing rates of dry ice quick-freezing, −60°C quick-freezing, and −20°C quick-freezing were 0.2°C/min, 2.3°C/min and 7.6°C/min, respectively. The freezing rate of dry ice was the fastest, which was 3.3 times that of −60°C and 38 times that of -20°C, respectively. In addition, the drip loss in cabbage during dry ice quick-freezing was 0.259%, which was significantly lower than that of −60°C quick-freezing (0.3542%), and -20°C quick-freezing (0.6128%).
Most researchers believe that the quality of frozen foods is directly related to the size of the ice crystals, which depends on the freezing rate. [44] Quick-freezing produces fine crystals that are evenly distributed both inside and outside the cells, causing minimal damage to the cellular structure, ultimately resulting in superior frozen products. However, slow-freezing produces substantial amounts of large ice crystals in the extracellular areas and causes significant damage to the tissue in which they are formed. [45] [46] [47] Ferreira et al., [48] confirmed that rapid freezing was beneficial for the texture of green beans. Furthermore, employing the quick-freezing method facilitates the formation of a large number of nuclei with small and evenly distributed ice crystals, therefore, resulting in less damage to the structure of the food and reducing the drip loss. [49] Martino et al. [50] stressed that a higher freezing rate protected against structure damage reduced the drip loss, and maintained a better quality than a lower freezing rate. Therefore, applying dry ice in conjunction with a significantly accelerated freezing rate revealed considerable advantages with regard to energy-saving characteristics and efficiency. Similarly, dry ice freezing reduced the time required for food to reach the point of maximum ice crystallization, therefore, significantly improving its quality.
Morphological characterization
Food quality can benefit significantly from the observation analysis of product microstructure, the importance of which is generally underestimated. SEM was used to observe the morphological properties of the sample surfaces to determine the impact of different freezing processes. As illustrated by Figure 2A (a) and A (b), the SEM photos revealed that the surface of fresh cabbage slices appeared extraordinarily smooth and the cell structure was complete. Moreover, the cells did not appear noticeably torn or irregular in shape, and no tissue distortion was observed after the blanching process, compared to the results shown in Figure 2B cells. This might be due to the efficacy of ice sublimation during the freeze-drying process in preparation for SEM. Moreover, the cells on the vegetable surface showed a significant collapse (Figure 2 (c)), demonstrating that the formation of large, extracellular ice crystals can be induced by the lower freezing rate, leading to textural damage. [41] Compared to other freezing methods, quickfreezing processing at −20°C might be responsible for the most substantial destruction of tissue texture. Furthermore, using this method prompted extremely uneven surfaces in the cabbage slices. Therefore, dry ice quick-freezing processing seemed to be the ideal freezing method to retain the surface microstructure of the vegetables. Ice formation and the related inherent challenges are responsible for mechanical damage that causes structural changes in unblanched frozen vegetables. [51] These challenges specifically include the spatial modification of water transforming into ice, the dispersion of the ice in the tissue, as well as the size of the ice crystals. These factors might be responsible for damage to the membranes of the cell walls, and the pectin induced cellular connections within the tissues of the vegetables. [52] Research by Charoenrein and Ireechathammawong [53] indicated that a higher level of rigidity was evident in the thawed frozen-gel containing 8 g/100 g starch. This result could be ascribed to the regression of starch that occurred during the slow-freezing process. Prolonging the storage time for up to 28 d did not cause any additional modifications in the microstructure of the vegetables, which correlated with the research findings of Seetapan et al. [54] The achievement of a balance between the unfrozen stage and the ice during the frozen state at −18°C could be responsible for this efficacy. [55] The results from the texture examination in this study confirmed this point and indicated that the ideal freezing technique appeared to be quick-freezing processing using dry ice to ensure optimal texture retention. Dry ice quick-freezing induced the formation of a large number of small ice crystals and left a fraction of unfrozen water while freezing at −20°C led to fewer ice crystals that were larger in size. [56] The low dehydration associated with small ice crystals resulted in less breakage of cell walls, and consequently, less texture deterioration compared to the slow-freezing rate. [57] Therefore, the vegetables were firmer after thawing, which was indicative of an excellent cell wall structure present on the vegetable surface. [58] Residual content of total chlorophyll, V C and TA
Chlorophyll and V C are the main compounds responsible for the color of vegetables, which is a critical index for the assessment of fresh cabbage slices. As shown in Figure 3 (a), the results indicated that the total chlorophyll content of the cabbage slices decreased with extended storage time for all treatments. Moreover, the total chlorophyll content exhibited a decline of 39.4%-87.1% in the vegetable slices during the storage period. The original chlorophyll content of the cabbage slices was approximately 2.568 mg/g. However, during the control treatment, it stabilized at around 0.3453 mg/g at the end of the storage period. On day 28, the chlorophyll content in the rest of the treated samples ranged from 0.6067 mg/g to 1.5147 mg/g, and significant differences were evident at the end of the storage period. Frozen vegetables are prone to color changes during the blanching process or frozen storage conditions. [59] Furthermore, freezing using dry ice and storage at −18°C retained the quality of the microstructure and nutritional value of the sample slices. V C is not only is the main compound responsible for the color but is also a vital nutritional ingredient in frozen vegetables which is often used as an index for measuring the impact on nutrient preservation. [60] As shown in Figure 3(b) , the V C content in the cabbage slices exhibited different levels of change and was attributed to each of the four treatments. The original V C content was about 34.3 mg/100 g in the fresh slices, while it decreased dramatically during the first 7 d, and remained relatively constant during the final 21 d. After 28 d of storage, the V C content in the samples processed via −20°C freezing, dry ice freezing, and −60°C freezing was 21.4 mg/100 g, 26.2 mg/100 g and 24.0 mg/100 g, respectively. However, the V C content in the control samples and the blanched slices were only 12.6 mg/100 g and 16.3 mg/100 g, respectively. The V C levels were higher in the samples treated with blanching + freezing and blanching than those in the control sample. According to Sidonia Martínez et al. [61] , this fact, combined with the extraction of the acids, do not reflect an increase in pH due to the neutralization of the acids by other extracted components. Furthermore, the TA was used as a quality parameter and was related to the presence of organic acid concentrations. According to the results shown in Figure 3 (c), the TA of the fresh cabbage slices were between 0.3287% and 0.3393%, while the TA values of all the samples exhibited a decline during each of the storage periods. Although all the control samples displayed elevated levels of TA on the seventh day, it was still significantly lower than in the treated samples. However, relatively small changes were observed in the TA levels during storage and freezing treatment. At the end of storage, the TA levels for the −20°C freezing, dry ice freezing, and −60°C freezing were 38.8%, 20.2%, and 28.7% lower than that at the beginning of storage. The highest TA levels were found in the samples with the combined treatment of color protection + blanching + dry ice quickfreezing + storage at −18°C and were 0.2623% at the end of storage.
These results indicated the significant degradation of the chlorophyll content in the processed samples during storage, compared with fresh cabbage slices. This degradation might be attributed to the blanching process, the transformation of chlorophyll and deaeration. [62] [63] [64] Blanching promotes the breakdown of the organelles that contain chlorophyll, causing them to spread within the cell, making the pigment more susceptible to degradation. [25] Several studies reported that the deterioration of chlorophyll is restricted by thermal passivity. [63] In this work, processing the blanched samples by quick-freezing them at −18°C for 60 s, induced the degradation of the chlorophyll (39.4%). These results corresponded with the findings of the investigation conducted by Muftugil. [65] The study indicated that the loss of chlorophyll content in fresh broad bean samples could be due to blanching treatments with hot water. Moreover, this loss could increase by extending the treated time. Kmiecik et al. [66] also confirmed that exposure to the heat of cooking or blanching could be responsible for the loss of chlorophyll in three types of brassicas. However, frozen storage significantly inhibited degradation. After five months of frozen storage, 31% and 34% total chlorophyll deterioration was evident in minimally blanched beans and over-blanched bean samples, respectively. Oruña-Concha et al. [67] studied green beans and found that frozen storage contributed significantly to the degradation of the chlorophyll, which became particularly evident during the initial two months of storage. In addition, Kmiecik et al. [66] indicated that a gradual decline in the chlorophyll content of frozen brassicas could occur during storage conditions with temperatures of −20°C and −30°C, respectively. Samples treated over a short time with a high temperature retained a larger amount of chlorophyll than those treated with a low temperature over a longer time. [68] This result could be attributed the combined action of blanching and freezing. The freezing treatment inhibited the enzymatic activity, restricting the degradation rate of V C , [69] and could be ascribed to enzymatic (via ascorbic acid oxidase) oxidation in the presence of oxygen. In frozen products, enzymatic reactions are slow but are not completely eliminated since enzymatic reactions still occur in the presence of non-frozen water. [70] Furthermore, the results of Hunter and Fletcher [71] indicated that the blanching step might explain the significantly diminished quantities of V C content. The losses during hot water blanching could probably be ascribed to leaching and the thermal degradation of ascorbic acid to dehydroascorbic acid, as well as further oxidation. [72] However, it should also be noted that since it is a water-soluble compound, part of the V C content may be lost through drip loss. [73] [74] [75] As reported by Martins and Silva [76] , the quality of beans was retained during frozen storage. Evidence indicated that the V C content in the cabbage slices could be protected by the application of ascorbic acid and citric acid that act as anti-browning elements. [38, 77] Furthermore, several researchers concur that storage caused the gradual loss of V C content in blanched vegetables. [78] The TA content in raw samples might be modified during frozen storage due to hydrolytic enzymes that remain active, causing physicochemical changes. The enzymes in the sample tissues were deactivated by blanching the vegetables or by adding an acidulant. However, the samples blanched in water containing 0.1 g of citric acid/100 ml caused a minimal elevation in the TA content of the vegetable slices during storage. This was consistent with the results of the investigation conducted by Lisiewska and Kmiecik, [19] who observed that the TA content in frozen tomato cubes increased during storage.
Total sugar and reducing sugar
Water-soluble total sugar and reducing sugar content in fresh vegetables are essential quality indicators. The effect of freezing treatments on the total sugar and reducing sugar content in cabbage during storage was investigated. As shown schematically in Table 3 , significant differences (P ≤ 0.05) were evident from day 14 in both the total sugar and reducing sugar content of the cabbage slices when subjected to different treatments. This phenom enon was primarily caused by the disintegration or decay of sucrose and was likely the result of enzymatic activity in the samples. [69] Moreover, the freezing treatments produced ice crystals, which might degrade the cell structure of the product and, therefore, facilitate the extraction of sugars. [56] It was initially discovered that the total sugars ranged from 15.5 g/100 g to 17.1 g/100 g in the cabbage slices exposed to different treatments (Table 3) , while the reducing sugar content was between 11.3 g/100 g and 11.6 g/100 g, which comprised 60% to 80% of the total sugar content. The cabbage slices in the treated samples labeled 3, 4, and 5 showed a high sugar content after being submerged in a colorprotecting solution. Moreover, blanching was also found to increase the sugar content. The total sugar content of samples that were quick-frozen using dry ice and stored at −18°C did not change significantly at the 14 d mark. Zhao et al. observed similar changes, [79] indicating that the reducing sugars (fructose and glucose) in date fruits gradually declined during a twelve-month frozen storage period. Another study discovered a decrease in reducing sugars in green beans when stored in frozen conditions. [80] Dry ice quick-freezing treatment and storage at −18°C significantly decreased the loss of the total sugar content, as well as reducing sugar content of the cabbage slices.
Instrumental texture
The TPA values of all the cabbage slices declined in varying degrees when the storage time was increased ( Figure 4 ). The control samples and treatment samples were compared, and the results revealed a considerable decline in the firmness during the cold storage period (Figure 4(a) ). Following a 28 d storage period, the springiness in the cabbage slices of the control sample decreased by 87.09%. Furthermore, quick-freezing conditions involving −20°C, dry ice, and −60°C, caused the samples to display respective values of 63.55%, 39.44%, and 50.57% (Figure 4(b) ). Cabbage slices exposed to a long storage time lost between 18.35% and 77.17% of their original chewiness by day 28. Moreover, dry ice quick-freezing, and −60°C quick-freezing facilitated the optimal retention in chewiness, with values of 14.542 N mm and 13.219 N mm, respectively, at the end of the cold storage time (Figure 4(c) ). Furthermore, the cohesiveness exhibited a rapid decline in the control samples from the original value of 6.755 to 0.3833 on day 60, while the cohesiveness of the frozen samples showed a minimal reduction from 6.545 to 1.795-3.363 at the end of cold storage (Figure 4(d) ). Moreover, all TPA values in the cabbage slices that were quick-frozen using dry ice were higher than those treated with the −60°C quickfreezing and −20°C quick-freezing methods. These results were obtained even though the texture parameters were lower in all treatments. Additionally, a TPA of the control samples could not be performed due to severe degeneration. The softening of fruit is caused by a gel that forms when osmotic pressure introduces pectin into the cell sap. [81] Previous studies revealed that textural changes in the tissue of fruit during storage could be ascribed to middle lamella structure decay and primary cell wall deterioration. [82] Xu et al. [83] indicated that extended cooking did not eliminate the enhanced texture of carrot slices obtained by a rapid freezing process using liquid nitrogen and other cold liquids. In this study, the results indicated that the blanching and freezing treatments might delay the softening in samples by reducing the loss of water and restricting the activity of enzymes responsible for cell wall deterioration. The likely cause for this was the reduction in the damaging effects of crystallization and recrystallization on the microstructure of the cabbage tissue during quick-freezing, frozen storage, and thawing. [84] Therefore, the ice crystals that formed rapidly during quick-freezing can then grow faster during thawing. As molecular mobility increased, the migratory recrystallization of ice enabled the crystallization of residual water that is kinetically inhibited during cooling. [56] The investigation of Grayson et al. [85] , found that quick-freezing rather than blastfreezing improved the consistency of meat tenderness. Water loss was responsible for the decline in turgor pressure in the cells and led to changes in fruit firmness. [86, 87] Research indicated that the Ca 2+ absorbed from water or released from cell walls is transferred to the middle lamella or the cell wall. This process is followed by cross-linking with carboxyl pectin groups. [88] 
Microbiological content
Freezing prevents microbial growth and is, therefore, an excellent way to extend the shelf life of fruits and vegetables. [89] Tables 4 and 5 respectively illustrate the development of molds, bacteria, and yeast on the cabbage slices during the cold storage period at −18°C. The results indicated that the total number of bacteria that were present in all samples was below 3.2 × 10 2 CFU/g on day 0 (Table 4 ). However, the viable count was reduced by freezing and continued to decline during the frozen storage period. [90] Hazen et al. [91] discovered that MAB and yeast populations declined during the first three months of frozen storage while displaying a slight increase during the subsequent three months. The total bacteria in the cabbage slices reached levels of 5.1 × 10 8 and 8.5 × 10 4 , 2.0 × 10 4 and 4.4 × 10 4 CFU/g, whereas yeast and molds reached 8.8 × 10 6 and 3.5 × 10 3 , 1.0 × 10 3 and 2.9 × 10 3 CFU/g, on the 28th day for the control samples, as well as the samples exposed to −20°C quick-freezing, dry ice quick-freezing, and −60°C quick-freezing treatments, respectively. According to the microbiological indexes of vegetables stipulated in GB 4789.23, the total bacterial colonies ≤ 5.0 × 10 4 cfu/g, coliform colonies ≤ 1.5 mpn/g, and pathogenic bacteria should not be detected. [92] The results of this study indicated additional microbial inactivity during freezing, which can probably be ascribed to a higher vulnerability to sub-lethal damage due to being exposed to ClO 2 . When microorganisms are subjected to environmental stress such as freezing, some cells may exhibit no detrimental effects, some are destroyed, and some may experience a sub-lethal or metabolic injury. In a nonselective environment, injured cells repaired their damage, and then proceeded with growth and multiplication. [93, 94] However, some psychrophilic bacteria and yeasts can grow at temperatures as low as −7.5 and −10°C, respectively. [95] Furthermore, extracellular solute concentrations, intracellular solute toxicity, temperature shock, ice crystal production, and dehydration are all factors that have a destructive impact on specimens during the freezing process. [86] The efficacy of cryogenic quick-freezing preservation on the growth of mesophilic aerobic bacteria, yeast, and mold, were observed in blueberries and shrimp products. [95, 96] According to the investigation of Hazen et al. [90] , freezing extended the shelf life of blueberries by preventing microbial growth. A study conducted by Crowe et al. [97] indicated a decline in the number of mesophilic aerobic bacteria, yeast and mold that were present in wild blueberries that remained either untreated or were exposed to 100 ppm free chlorine or 1 ppm zone, and fast-frozen at −30°C followed by a storage period of 12 months at −18°C. More importantly, freezing has an additional lethal effect on microorganisms related to temperature shock, the concentration of extracellular solutes, the toxicity of intracellular solutes, dehydration, and the formation of large ice crystals during freezing.
Sensory acceptability
The concept of sensory acceptability was used to comprehensively evaluate vegetables by appearance, taste, flavor, and intensity. [40] Therefore, the effects of cryogenic quick-freezing preservation treatment on the sensory acceptability of cabbage slices were investigated. As shown in Figure 5 , freezing treatment postponed the emergence of surface deterioration, in comparison to the control samples. The sensory evaluation values of samples treated with color protection + blanching + −20°C quick-freezing, color protection + blanching + dry ice quick-freezing, and color protection + blanching + −60°C quick-freezing following storage at −18°C for 28 d, were 4.0, 6.4 and 5.2, respectively. The values for the rest of the treatments ranged between 2.4 and 5.3 and did not display significant differences. In addition, the samples treated with the dry ice quick-freezing method were still green, while the control samples only had a value of 1.0 and became unacceptable. The samples treated with the color protection + blanching method exhibited reduced sensory acceptability following storage at −18°C for 28 d, while the sensory evaluation of the samples was valued at 2.2. Compared to unstored samples, the color changes for all the frozen cabbage slices were negligible. However, at the conclusion of the storage period, the frozen samples remained green. At lower storage temperatures, the color may be stabilized by the formation of metal-chlorophyll compounds, but the chlorophyll content does not provide a reliable prediction of color retention. [28] Research by Guillermo Petzold et al. [25] indicated that a texture evaluation of cooked beans showed an insignificant decline in samples that were minimally blanched for 120 s, and a significant deterioration in samples that were over-blanched for 180 s compared to unblanched beans. Therefore, the quality of frozen food more closely resembled that of its fresh counterparts since the diameter of the ice crystals declined in conjunction with increased freezing rates. [98] Specifically, the integrity of the protein network was preserved by low storage temperatures such as −35°C and −40°C and the formation of numerous small ice crystals was promoted. [99] These results could be attributed to improved crystal growth rates and enhanced nucleation, as well as the significant antifungal activity of cinnamaldehyde. [100] However, although most of the microorganisms that are responsible for spoilage are unable to multiply and grow to cause pathogenicity when frozen, they remain dormant. Compared to thermal processing, freezing remains an ideal technique to preserve food since it produces a product exhibiting optimal physicochemical, sensory, and microbiological properties. [101] 
Conclusion
In conclusion, the quick-freezing treatment combined with cryogenic preservation can maintain the quality of cabbage slices, and control the progressing of decay. The cabbage slices subjected to color protection + blanching + dry ice quick-freezing + stored at −18°C treatment display the lowest number of changes in the texture values and sensory acceptability, while the chlorophyll, V C , and TA content exhibit minimal changes. The combined treatment substantially impedes the degradation of both total sugar and reducing sugar during the specific storage period. Microbial analysis indicates that the color protection + blanching + dry ice quick-freezing + stored at −18°C treatment is effective in hindering the growth of bacteria, yeast, and mold. In addition, compared to other processed specimens, the samples that are quick-frozen using dry ice display an optimum surface microstructure. This study shows that the application of the dry ice quick-freezing method followed by storage at −18°C is an excellent technique for the maintenance of the quality and microbiological safety of cabbage slices.
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